Chironomidae (Diptera) pupal exuviae samples are commonly used for biological monitoring of aquatic habitats. DNA barcoding has proved useful for species identification of chironomid life stages containing cellular tissue, but the barcoding success of chironomid pupal exuviae is unknown. We assessed whether standard DNA barcoding could be efficiently used for species identification of chironomid pupal exuviae when compared with morphological techniques and if there were differences in performance between temperate and tropical ecosystems, subfamilies, and tribes. PCR, sequence, and identification success differed significantly between geographic regions and taxonomic groups. For Norway, 27 out of 190 (14.2%) of pupal exuviae resulted in high-quality chironomid sequences that match species. For Costa Rica, 69 out of 190 (36.3%) Costa Rican pupal exuviae resulted in high-quality sequences, but none matched known species. Standard DNA barcoding of chironomid pupal exuviae had limited success in species identification of unknown specimens due to contaminations and lack of matching references in available barcode libraries, especially from Costa Rica. Therefore, we recommend future biodiversity studies that focus their efforts on understudied regions, to simultaneously use morphological and molecular identification techniques to identify all life stages of chironomids and populate the barcode reference library with identified sequences.
Benthic macroinvertebrates are regularly used for biological monitoring of aquatic habitats, as they are common and widespread, with high species diversity and varying sensitivity to environmental disturbances (Rosenberg and Resh 1993, Resh 2007) . Among benthic macroinvertebrates, the family Chironomidae (Diptera), commonly referred to as the non-biting midges or chironomids, is a species-rich aquatic insect group that is particularly sensitive to changes in water quality (Pinder 1986 , Lindegaard 1995 , Nicacio and Juen 2015 . There are close to 1,300 chironomid species recorded from Europe (Saether and Spies 2013 ), nearly 900 species described from the Neotropical region Reiss 1996, Spies et al. 2009) , and estimates that range up to 20,000 species worldwide (Ferrington 2008) . Additionally, chironomids are usually the most abundant aquatic insect group in all types of freshwater with larval densities of many thousands per square meter (Anderson et al. 2013b ) and also among the most widespread insects inhabiting terrestrial, semi-terrestrial, and aquatic environments in all geographical regions, including Antarctica (Ferrington 2008 ).
An efficient, low-cost, and easy-to-use method for assessing chironomid communities involves collections of pupal exuviae (Raunio and Muotka 2005 , Wilson and Ruse 2005 , Raunio et al. 2007 , Kranzfelder et al. 2015 , which is the exoskeleton shed by the adult as it emerges on the surface of the water. Some advantages offered by collections of pupal exuviae over larval sampling for biological monitoring and assessment are that: i) deep muddy rivers, canals and lakes, as well as riffles in shallow rivers, may be easily sampled, ii) a pupal exuviae sample integrates taxa from all kinds of microhabitats, iii) pupal exuviae collections are more time-efficient in resolving chironomid composition than standard dip-net sampling, and iv) identification to genus using available keys is relatively easy (Wilson and Ruse 2005 , Bouchard and Ferrington 2011 , Anderson and Ferrington 2012 , Ferrington and Coffman 2014 . A few disadvantages of collections of pupal exuviae over larval sampling are that: i) emergence is seasonally and diurnally variable, ii) pupal exuviae float passively on the water's surface, and therefore, it is not possible to know exactly from which area upstream or upwind of the sampling site the pupal exuviae originated, and iii) traditional morphological species identification requires rearing of adult males from larvae or pupae for life-stage association (Wilson and Ruse 2005) . These constraints lead to widespread use of generic or higher taxonomic resolution for bioassessments with chironomids, which is problematic since species within a genus or family can display a broad range of sensitivities to various environmental stresses (Sweeney et al. 2011) .
DNA barcoding provides an alternative tool for species identification based on a short DNA sequence from a standardized genetic locus (Hebert et al. 2003) . A partial region (658 bp) of the cytochrome c oxidase I (COI) gene has been useful for separating cryptic, small, or rare species (Hebert et al. 2004 , Sinclair and Gresens 2008 , Pauls et al. 2010 , Sweeney et al. 2011 , Anderson et al. 2013a , Stur and Borkent 2014 and associating multiple life stages (Carew et al. 2005; Ekrem et al. 2007; Zhou et al. 2007 Zhou et al. , 2009 Stur and Ekrem 2011; Webb et al. 2012) . Life-stage associations with molecular tools can be particularly valuable for chironomids, since the immature life stages (larvae and pupae) are difficult to separate morphologically to species, and can be difficult to rear, especially in Neotropical settings with relatively high natural water temperatures (Spies et al. 2009 ). Carew et al. (2005) , Ekrem et al. (2007) , Ekrem et al. (2010) , Anderson et al. (2013a) , and Lin et al. (2015) have found that DNA barcodes can be used to link different life stages of the same chironomid. Lin et al. (2015) found that DNA barcoding is generally effective for species identification in Tanytarsus, even for taxa that are sampled from multiple and large geographic areas.
Recently, non-destructive DNA isolation methods from chironomid pupal exuviae have been explored, since pupal exuviae yield DNA in the form of muscle tissue, hairs, and epithelial cells lining the foregut, hindgut and trachea that are left behind on the inner surface of the cuticle by the emerging adult (Nation 2008 , Krosch and Cranston 2012 , Kranzfelder et al. 2016 ). Krosch and Cranston (2012) obtained sequences from 27 out of 58 chironomid pupal exuviae, and more recently, Kranzfelder et al. (2016) successfully isolated genomic DNA from 61.2% of 570 sampled chironomid pupal exuviae. We determined that three DNA extraction kits, the NucleoSpin Tissue XS Kit, the DNeasy Blood and Tissue kit, and the QuickExtract DNA Extraction Solution, provided the best results in isolating DNA from single pupal exuviae (Kranzfelder et al. 2016 ). However, we did not study the success of chironomid pupal exuviae species delimitation using DNA barcodes, which is an important precursor for using DNA barcoding as part of bioassessment studies.
DNA barcoding has the potential to improve the use of chironomids in bioassessment studies of aquatic ecosystems by providing increased taxonomic resolution, improved accuracy and objectivity of data quality, and enhanced diagnostic ability of existing assessment tools (Pilgrim et al. 2011 , Sweeney et al. 2011 , Brodin et al. 2013 , Carew et al. 2013 ). However, a collection of well-identified reference COI sequences in a DNA barcode library, such as the Barcode of Life Data Systems (BOLD, http://www. boldsystems.org/) or GenBank (https://www.ncbi.nlm.nih.gov/genbank/), is critical for identification through DNA barcoding (Ekrem et al. 2007 ). Currently, comprehensive DNA reference libraries for certain taxonomic groups and geographic ranges of chironomids remain poorly developed.
In addition, Chironomidae pupal exuviae decomposition rates depend on biotic and abiotic environmental factors, such as microbial activity, nutrient concentration, temperature and turbulence. Specifically, higher microbial (i.e., bacteria and fungi) numbers, warmer waters, higher nutrient levels (i.e., nitrate and ammonia from untreated wastewaters), and higher turbulence lead to an increase in pupal exuviae decomposition rates (Kavanaugh et al. 2014) . Additional abiotic factors in aquatic habitats, such as ultraviolet radiation, temperature, oxygen, pH, salinity, and substrate, can differ and impact DNA degradation (Barnes et al. 2014 , Strickler et al. 2015 , Eichmiller et al. 2016 . For example, Strickler et al. (2015) found that aquatic habitats that are colder, more protected from solar radiation, and more alkaline have lower DNA degradation rates than those that are warmer, sunnier, and neutral or acidic. Based on these interacting abiotic and biotic environmental factors, we would expect chironomid pupal exuviae collected from tropical aquatic ecosystems to degrade faster than temperate systems. Also, decomposition rates of pupal exuviae are impacted by the degree of chitinization of the species as lightly chitinized exuviae sink faster (Kavanaugh et al. 2014) . Therefore, we predict that taxonomic groups of pupal exuviae with heavier sclerotization would decompose slower than pupal exuviae with lighter sclerotization.
The aim of this present study was to assess whether standard DNA barcoding could be efficiently used for species identification of chironomid pupal exuviae when compared to morphological techniques. In addition, we wanted to identify factors that are significantly associated with barcode identification success by investigating if geographic regions (temperate vs. tropical) and taxonomic groups (subfamily and tribe) impact PCR amplification, COI sequencing, and species identification success.
Materials and Methods
Chironomid pupal exuviae were collected using drift nets (mesh size 250 μm) from multiple lentic and lotic aquatic systems in Norway and Costa Rica between August and December 2014 (Table 1) . DNA extractions and polymerase chain reaction (PCR) amplifications were done on a total of 380 chironomid pupal exuviae at the NTNU University Museum. Based on results of Kranzfelder et al. (2016) , DNA was extracted from 95 individuals using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) and from 95 individuals using the QuickExtract DNA Extraction Solution (Epicentre, Eindhoven, The Netherlands) for a total of 190 individuals from both the Norway and Costa Rica material. See Kranzfelder et al. (2016) for a detailed description of our chironomid pupal exuviae sample collection and preservation methodology and DNA extraction, PCR amplification, and sequencing methodology. After DNA extraction, voucher specimens were dissected under a stereo microscope and slide mounted in Euparal on individual microscope slides. Finally, slide-mounted specimens were identified under a compound scope to morphospecies or the lowest taxonomic level possible using works by Brundin (1949) , Fittkau (1962) , Saether (1981) , Wiederholm (1986) , Epler (1988) , Wülker (1991) , Langton (1991) , Jacobsen (2008) , Wiedenburg et al. (2009), and Anderson et al. (2013a) . Some pupal exuviae were damaged (e.g., loss of thoracic horn or wrinkled and/or compressed abdomen) during DNA extraction, which made slide mounting and morphological identification difficult. Species that did not match Linnean names were given interim names (Table 2 ). Subfamilies and tribes were defined based on the results of Cranston et al. (2012) . Slide-mounted voucher specimens are deposited at the NTNU University Museum Insect Collection (NTNU-VM, Norwegian material) or the University of Minnesota Insect Collection (UMSP, Costa Rican material).
DNA sequences were manually edited in Sequencher version 4.8 (Gene Codes Corp., Ann Arbor, MI, USA), checked for stop-codons and frame-shifts, and aligned by their amino acids using default MUSCLE options (Edgar 2004) in MEGA 6 (Tamura et al. 2013) . Ambiguous base calls were given the appropriate International Union of Biochemistry ambiguity symbol. After trimming of uncertain bases at both ends, the aligned sequences were 616-630 bp long.
Metadata, photos, sequences, and trace-files are available in the Barcode of Life Data Systems (BOLD, www.boldsystems.org) through the dataset DS-TRPEX with doi: dx.doi.org/10.5883/ DS-TRPEX and dataset DS-CRPEX with doi: dx.doi.org/10.5883/ DS-CRPEX. Specimen data and GenBank accession numbers are given in Suppl. Tables 1 and 2 (online only) .
The barcode sequence of each high-quality sequence (quality score of 80% or above in Sequencher version 4.8) was compared with every COI barcode record with a minimum sequence length of 500 bp in the BOLD Identification System (BOLD-IDS) (Ratnasingham and Hebert 2007 ) and GenBank's BLAST (Altschul et al. 1990 ). We accessed the databases on 7 April 2017. The Fisher's exact test of independence was used to determine whether there were differences in PCR success, sequencing success, and identification success between geographic regions (Norway vs. Costa Rica). The chi-square test of independence with a post-hoc Bonferroni correction to determine whether there were differences in PCR success, sequencing success, and identification success between taxonomic groups (subfamily vs. subfamily and tribe vs. tribe) in the R software version 3.4.1 (R Development Core Team 2016). Only subfamilies with 10 or more specimens are included in significance tests, as groups with fewer representatives are considered less reliable. Success rates at these three stages (PCR, sequencing, and species identification) were compared with determine when and how failures occurred in the DNA barcoding pipeline. PCR success was indicated by the presence of a band for each sample on an agarose gel, sequence success by the presence of a high-quality sequence for each sample, and identification success by matching unknown sequences to known chironomid reference sequences with at least 95% similarity in the databases. We selected the 95% similarity criterion based on recommendations by Lin et al. (2015) that suggested a 4-5% threshold is appropriate to delineate closely related species in the chironomid genus Tanytarsus. 
Results

Morphological Identification
From the Norway pupal exuviae samples, we identified 22 species from 15 genera and eight tribes. Out of the 190 specimens, we identified 109 specimens (57.4%) to named, described species. However, we identified all 190 specimens (100%) to morphospecies, meaning that differences usually found to be diagnostic on the species level were observed without finding a match with described species. From the Costa Rica pupal exuviae samples, we identified 22 species from 12 genera and 5 tribes. Out of the 190 specimens, we identified 14 specimens (7.4%) to named, described species and identified the rest of the specimens to genus (173 specimens, 91.1%), and tribe (3 specimens, 1.6%). However, we identified all 190 specimens (100%) to morphospecies (Table 2) .
Identification with DNA barcodes
Among the 190 specimens from Norway, 18 specimens (9.5%) failed PCR for COI and could not be sequenced. Of the remaining 172 specimens (90.5%) that had successful PCR, 145 specimens (76.3%) could not be identified as chironomids due to low-quality DNA sequences or non-target contamination, including a water flea (Holopedium gibberum) and water molds (Aphanomyces spp.). A total of 27 specimens (14.2%) resulted in high-quality chironomid DNA sequences, which clustered in 11 barcode index numbers (BINs) that closely approximate species of which seven were named, described species and four were undescribed species that matched the morphological names. Among the 190 specimens from Costa Rica, 42 specimens (22.1%) failed PCR for COI and could not be sequenced. Of the remaining 148 specimens (77.9%) that had successful PCR, 79 specimens (41.6%) could not be identified as chironomids due to low-quality DNA sequences or non-target contamination, including water molds (Aphanomyces spp.) and parasitic oomycotes (Pythium spp.). In total 69 specimens (36.3%) resulted in high-quality chironomid DNA sequences, which clustered in 10
BINs that closely approximate species, but none of these sequences matched named, described species in BOLD (Table 2) .
Factors Influencing Barcoding Success: Geographic Location
The 90.5% PCR success for the Norwegian pupal exuviae was significantly higher than the 77.9% success for the Costa Rican pupal exuviae (P = 0.001), but the 36.3% sequence success for Costa Rica was significantly higher than the 14.2% success for Norway (P < 0.001). However, 14.2% sequence success for Norwegian pupal exuviae was significantly higher than the 0.0% success for Costa Rican pupal exuviae (P < 0.001) (Fig. 1) .
Factors Influencing Barcoding Success: Taxonomic Group
There was a significant difference in PCR success (χ 2 (3) = 11.478, P = 0.009), sequence success (χ 2 (3) = 11.557, P = 0.009), and identification success (χ 2 (3) = 49.388, P < 0.001) between subfamilies (Table 3) . After Bonferroni corrections of the P values, there were no significant differences in subfamilies with regards to PCR success (P > 0.008). However, Chironominae pupal exuviae (43%) had significantly higher sequence success than Prodiamesinae (5%) (P = 0.006). Also, Chironominae (33%) pupal exuviae had significantly higher identification success than Orthocladiinae (4%) (P < 0.001) ( Table 3) .
There was a significant difference in PCR success (P = 0.008), sequence success (P = 0.041), and identification success between tribes (P < 0.001). After Bonferroni corrections of the P values, there were no significant differences in tribes with regards to PCR success and sequence success (P > 0.002). However, both Tanytarsini (38%) and Chironomini (28%) had significantly higher identification success than Orthocladiini (4%) (P < 0.001) ( Table 4) .
Discussion
Currently, species identification using morphology is more than twice as effective as standard DNA barcoding for chironomid pupal exuviae samples. For pupal exuviae samples from both Norway and Costa Rica, we identified 22 species using morphology, but 12 species were missing from the DNA barcoded samples. Similar to our results, Bista et al. (2017) found 10 genera that were identified morphologically, but were neither found in metabarcoding of eDNA or community DNA from samples with chironomid pupal exuviae. While PCR amplification success was high for chironomid pupal exuviae samples from both Costa Rica (77.9%) and Norway (90.5%), sequence and identification success was low. We speculate for both studies that morphological identifications are more effective than DNA barcoding because of either field non-target organism cross-contamination, low DNA quantities for certain taxa, or missing reference species/genera in the reference libraries. In our study, the presence of non-target species contaminant DNA in the chironomid pupal exuviae samples likely resulted in a reduction in sequencing success. Specifically, for the Norway samples, we believe that low barcoding success is related to Fig. 1 . Percent PCR, sequence, and identification (ID) success rate of Costa Rican versus Norwegian pupal exuviae. Norway sequence success was equal to identification success. (93) 18 (43) 14 (33) cross-contamination that was most likely introduced in the field. For example, we found moderate-to-high densities of a species of water flea (Holopedium gibberum) floating on the surface of the water during fieldwork. Cells or free DNA from non-target organisms, like this water flea, could get stuck inside or attached to different parts of the pupal exuviae, contaminate the sample by competing with the low pupal exuviae DNA (Kranzfelder et al. 2016) , and reduce the chances that the unknown sequences successfully match known chironomid sequences. In contrast, we did not observe high densities of non-target species floating on the surface of the water during fieldwork in our Costa Rican sample area. We speculate that biotic and abiotic environmental factors, including higher microbial (i.e., bacteria and fungi) numbers, warmer waters, and higher UV solar radiation (Kavanaugh et al. 2014) , caused the DNA within the Costa Rican pupal exuviae samples to degrade faster than the Norwegian samples. While the BINs or approximate number of species were the same for both Norway and Costa Rica, the sequencing and identification success rates were different when comparing the two geographic regions. In Norway, our pupal exuviae samples were collected near the Norwegian University of Science and Technology (NTNU) in Trondheim where chironomid barcode projects have been run for almost a decade as part of the Norwegian Barcode of Life (NorBOL). Therefore, it makes sense that all of our high-quality sequences matched known barcoded species. For Costa Rica, we identified all pupal exuviae to morphospecies; however, DNA barcoding did not improve species identifications. We were not able to identify any unknown barcode to known barcoded species, since the reference library lacked public barcode sequences with species identifications from Costa Rica. As of April 7, 2017, BOLD systems had 3,561 chironomid records for Norway representing 112 genera, 552 named species (Linnean and interim names), and 741 BINs. There are currently 631 chironomid species recorded from Norway (Artsdatabanken 2015) and an estimated 50 undescribed species. Costa Rica had 17,482 chironomid records in BOLD. There are currently 51 species recorded (Spies and Reiss 1996) , but there are an estimated 1,000 undescribed species within the Dr. William P. Coffman Costa Rica collection at La Selva Biological Station (de la Rosa 2015) and perhaps 2,000 species in the country (C.L. de la Rosa, personal communication). Our results indicate that association of the Costa Rican specimens to named species suffers from the inadequacy of the barcode reference library for Chironomidae from this region. While many Costa Rican chironomids have been barcoded, most of these barcodes are not identified to species due to the lack of expertise in Central American chironomid taxonomy. Reliable species identification of chironomids with DNA barcoding requires the presence of named species in the reference library (Ekrem et al. 2007 ) and current reference libraries remain incomplete in terms of both species and geographic ranges.
In addition to differences in barcoding success related to geographic regions, we found significant differences in DNA barcoding success when comparing taxonomic groups (subfamilies and tribes). Subfamily Chironominae, and more specifically tribes Tanytarsini and Chironomini, had significantly higher sequence and identification success than subfamily Orthocladiinae. These results are not surprising since we have observed Tanytarsini and Chironomini specimens struggle to emerge as adults from their pupal skins during individual rearing. During emergence, these specimens possibly leave behind higher numbers of epithelial cells and other cell-based structures from the adult (the cuticle itself is extracellular) and meconial liquid (comprising the breakdown products of the immature stage hemoglobin) (P. Cranston, personal communication). The subfamily Chironominae tend to be darker and more sclerotized than other subfamilies, which would reduce their decomposition rate and increase the chances of trace DNA being available for DNA extraction. As a result, researchers that would like to identify chironomid pupal exuviae to species must consider the influence of environmental conditions in different geographic regions and the physical structures of various taxonomic groups on the preservation of DNA when designing their DNA barcoding studies.
DNA barcoding allows the inclusion of all life stages in biodiversity assessments (Ekrem et al. 2010 ) and collections of chironomid pupal exuviae are commonly used for biological monitoring of water quality (Kranzfelder et al. 2015) . However, DNA barcoding of chironomid pupal exuviae alone is not currently effective for species identification of unknown specimens. Chironomid pupal exuviae samples have low quantities of DNA and are easily contaminated by non-target species DNA or degraded by biotic or abiotic environmental factors, like microbial activity, temperature, or UV-light. Also, public reference libraries, like BOLD, are not yet sufficiently populated by reference sequences with species names. For Neotropical biodiversity and bioassessment studies to take advantage of the benefits that DNA barcoding offers, inventories and taxonomic studies that identify chironomids using morphology should include registration of DNA barcodes. If such studies simultaneously use both morphological and molecular identification techniques to identify all life stages of chironomids (e.g., Drayson et al. 2015 , Montagna et al. 2016 , gaps in the reference library can be filled, life stages associated, and morphological characteristics evaluated simultaneously.
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